The purpose of this study was to investigate how well forestry stand parameters can be estimated with statistical methods from lidar data. The study material included small-footprint time-of-fl ight laser scanner data acquired in the spring and summer of 2002 using a TopoSys II airborne laser system over the montane mixed forests dominated by Norway spruce ( Picea abies L.) and European beech ( Fagus sylvatica L.) of the Bavarian Forest National Park near Passau, Germany.
Introduction
One of the major laser scanner applications for forestry is based on the principle that there are statistical relationships between the distribution of laser refl ections and forestry stand parameters. The laser scanning data were used to produce statistical values (so-called laser metrics) that described the height and density of the scatter plot produced by the measuring points. These are used as independent variables for the determination of the forestry stand parameters by means of regression equations. Using this method, it could be shown that, with laser scanning data, it is Estimation of forestry stand parameters using laser scanning data in temperate, structurally rich natural European beech ( Fagus sylvatica ) and Norway spruce ( Picea abies ) forests possible to automatically estimate the mean height ( Naesset, 1997a ; Magnussen et al. , 1999 ; Naesset and Bjerkness, 2001 ; Naesset, 2002 ; Holmgren et al. , 2003 ) , the basal area ( Means et al. , 2000 ; Naesset, 2002 ) and the timber volume ( Naesset, 1997b ; Means et al. , 2000 ; Holmgren et al. , 2003 ) with a higher level of accuracy than is possible with conventional, plot-based inventories. Furthermore, satisfactory results could be obtained for the following parameters as well: number of stems ( Naesset and Bjerkness, 2001 ; Naesset, 2002 ) , crown length ( Naesset and Okland, 2002 ) , mean diameter ( Naesset, 2002 ) , leaf area index ( Magnussen and Boudewyn, 1998 ) and carbon content ( Patenaude et al. , 2002 ) .
Based on these results, Naesset and Bjerkness (2001) and Naesset (2002) proceeded to develop a two-tiered method that would allow the practical use of laser scanning data in forest inventories. In a fi rst step, experimental areas are used to formulate the functional relationships between the forestry stand parameters and various laser metrics. In the next step, the laser scanning data is assigned to evenly distributed raster cells of 15 m edge length. The laser metrics are then calculated for each raster cell. Using the functional relationships (from step 1), the forestry stand parameters for each raster cell can be calculated and subsequently aggregated to provide information on individual stands or larger forestry units.
Until recently, the experiences with this method have been made almost exclusively in boreal forests. These differ signifi cantly from the predominant forest types of Central Europe. In the boreal zone, forests are dominated by coniferous species and usually include only spruce and pine with a small proportion of birch. In addition, these stands mostly possess a relatively homogenous structure. The only experiences with temperate deciduous forests were reported by Lim et al. (2003) for birch-maple forests in Canada.
Research, as performed up to now, has shown that metrics calculated from laser scanning data are heavily dependent on the tree species involved. Signifi cant differences may especially be noticeable between deciduous and coniferous species. Therefore, it may be assumed that the results of estimates from mixed stands of individual deciduous and coniferous species will be less accurate than those from uniform coniferous stands. There were also no experiences with multiple layered, heterogeneous forest stands, such as are often found in temperate montane forests. Therefore, the objective of this study was to investigate whether the statistical methods would serve to deliver satisfactory results for the beech dominated, mixed and diversely structured forest stands of Central Europe.
Material

Study area
The study area is located in the Bavarian Forest National Park, which is situated in south-eastern Germany along the border to the Czech Republic (49° 3 ' 19 " N, 13° 12 ' 9 " E). The area is mountainous, with a variation in elevation between 600 and 1453 m. The forests of the National Park are in a relatively natural condition. Almost no planting has taken place in the last centuries. Within the park, three major forest types exist: above 1100 m there are sub-alpine spruce forests with Norway spruce and some mountain ash ( Sorbus aucuparia L. ) (referred to from here on as highaltitude forest); on the slopes, between 600 and 1100 m altitude, are mixed montane forests with Norway spruce, white fi r ( Abies alba MILL. ), European beech and sycamore maple ( Acer pseudoplatanus L. ) (referred to from here on as slope forest); in wet depressions, often associated with cold air pockets in the valley bottoms, spruce forests with Norway spruce, mountain ash and birches ( Betula pendula ROTH., Betula pubescens EHRH. ) occur (referred to from here on as valley bottoms) ( Heurich and Neufanger, 2005 ) .
Laser data
The TopoSys (Topografi sche Systemdaten GmbH) airborne LIDAR system ( ' TopoSys II ' ) was used to survey the test areas on three dates: leaf-off (March and May 2002) and leaf-on (September 2002). The TopoSys system is based on two separate glass fi bre arrays of 127 fi bres each (one for transmission and one for receiving the lidar signals). Its specifi c design produces a push-broom measurement pattern on the ground with a very high point density in the direction of fl ight and a larger distance between measuring points in the perpendicular direction. For further details, see Wehr and Lohr (1999) and Schnadt and Katzenbeisser (2004) . The average point densities for these fl ights were 5 points m Ϫ 2 in leaf-off and 10 points m Ϫ 2 in leaf-on condition. First and last pulse data were collected during the fl ights. The leaf-off data were used for the calculation of the digital terrain model (DTM), and the leaf-on data were used to calculate the lidar metrics described in chapter 3.2. For the system parameters of the fl ight, see Table 1 .
Field data
In total, 33 representative sample areas, between 20 by 50 and 50 by 50 m in size, were selected in each of the described forest zones. The fi eld data were collected in 1999 (10 areas) and 2002 (13 areas). Because of the status as a national park, no tree cutting was undertaken after 1999 (Heurich, 2006) . Several tree parameters, such as the diameter at breast height (d.b.h.), total tree height and starting point of crown, were determined for each tree taller than 5 m. The height measurements were carried out with the Vertex III system, following the defi nitions of Kramer and Akca (1995) . Each trunk position was precisely measured using tachometry and differential global positioning system (DGPS). The absolute accuracy was checked comprehensively and was estimated at up to 5 cm. The volume of each single tree was determined by volume equations as derived by Kennel (1973) .
With a proportion of 58.6 per cent of the total timber volume, spruce is the most frequent tree species in the reference plots. It is followed by beech with 34.4, fi r with 3.3 and sycamore maple with 2.4 per cent. All other tree species together (mountain ash, Norway spruce, lime) comprise only 1.3 per cent of the timber volume.
Based on the numbers of individual trees, spruce comprises 45.9, beech 48.6, sycamore maple 2.7 and fi r 1.9 per cent of the total. All other species together make up only 0.9 per cent. In the remainder of this report, when ' conifers ' are being referred to, 95 per cent of these are spruce; when the reference is to ' deciduous trees ' -depending to what is being measured -90 per cent of the timber volume and 95 per cent of the individual trees are beech. The forestry stand parameters of the sample plots are shown in Table 2 .
Methods
Production of the datasets from the fi eld data
An essential requirement for the use of this method is the exact co-registration of ground reference and laser data. This makes it possible to correlate the laser data with forest structures that produce specifi c patterns in the data. Each reference area was divided into 20 × 20 m sample plots, for each of which the forestry stand parameters and laser metrics were calculated. A total of 33 individual reference areas were included in the investigation. These, in turn, were the basis for the designation of 108 sample plots. All analyses were performed at the level of the sample plots. For the evaluation, each of the 108 sample plots was allocated to one of the following strata: coniferous, deciduous or mixed forest. Decisive for the designation was the proportion of the tree species at ground level. Sample plots with more than 90 per cent conifers were allocated to the stratum coniferous forest and plots with more than 90 per cent deciduous trees to the stratum deciduous forest. The remaining sample plots were assigned to the stratum ' mixed forest ' . Dead trees were not considered while determining the stratifi cation. The result yielded 37 sample plots with coniferous forest, 34 with deciduous forest and 37 with mixed forests. In a further step, a subset of 15 high-altitude coniferous plots were analysed separately. For calculation of the forest stand parameters, trees were only included if the foot of the trunk was located within the plot. To obtain information about how the occurrence of deadwood infl uences the quality of the estimations, the following method was used: in one dataset, deadwood was included, and in a second dataset, deadwood was excluded in the calculation of the stand parameters. After that, the differences in the fi t of the models of the two datasets were compared. The following forest stand parameters were calculated for the plots: basal area ( G ), timber volume ( V ), number of stems per hectare ( N ), mean height ( h ), mean height weighted by basal area ( h g ), dominant height ( h dom ), mean d.b.h., mean diameter weighted by basal area at breast
stand density index (SDI) according to Reineke (1933) , crown competition factor (CCF) according to Krajicek et al. (1961) , Hasenauer (1997) and Sdino (1996) , relative density (RD) according to Curtis (1971) and relative density index (RDI) according to Yoda et al. (1963) .
Calculation of the statistic parameters from the laser data
Preparation of the laser data The DTM was calculated using TopPit © (TopoSys Processing and Imaging Tool) software. Initially, the point cloud is pre-sorted to a defi ned highresolution raster. Then the high-resolution raster is re-sampled to the destination raster. Within this step, the no-data gaps in the raster are closed using a simple (weighted) averaging, which considers the neighbouring pixels. The second step is fi ltering. This fi lter is used to eliminate objects in the digital surface model. The principle is based on the construction of a convex/concave covering (bisection principle), which is selected from the bottom to the top (Hansen and Vögtle, 1999) . The quality of the elevation model was achieved through a supplementary examination of the DGPS calculation and of the relative positions and altitudes of the individual paths of the survey fl ight route with POST Pac Software©. The absolute accuracy of the model was determined with the aid of reference data; four to six polygons of surrounding buildings in the digital land register maps (Digitale Flurkarte) were used to test the accuracy of position, and fi ve to six surveyed height altitude checkpoints on forest roads were used to test the accuracy of altitude in each test area. The results of the altitude tests of the DTM were all within the tolerance range of 15 cm. Moreover, the quality of the DTM was comprehensively evaluated with the help of 7865 checkpoints in 20 different forest stands. As a result, the standard deviation of the DTM was ±0.24 m.
Second, the existing, raw binary laser data from the summer fl ight was separated by fi rst and last pulse and separated for each of the 20 × 20 m sample plots. To normalize the vegetation height, the absolute altitude values from the raw laser data were converted to relative altitude values using a bilinear interpolation.
Essential for the description of forest stands is information on their height and density. In accordance with this consideration, both heightand density-related laser metrics were calculated. The applied metrics are based on the work of Naesset (2002) and ( 2004 ) and have been supplemented with additional metrics.
Height-related metrics
Two datasets were produced for each of the fi rst pulse laser data and the last pulse laser data, respectively:
1 All emitted laser impulses -this data include refl ections from the ground surface, boulders, bushes, lying deadwood, etc., as well as refl ections from the leaf and needle biomass of the trees. 2 Laser impulses with an elevation greater than 1 m -the objective of this selection is to exclude the refl ections from the ground surface, boulders, etc., as much as possible ( Nilsson, 1996 ) .
Height percentiles 10 -90 (hp 10 , … , hp 90 ).
For the calculation of these values, all measured values were sorted according to their height values and arranged in 10 percentiles. The parameter corresponds to the position of the height of the measured value in the 10th, 20th, … , 90th percentile.
Maxima ( h max ).
Highest measured value within a sample plot.
Mean ( h mean ). Mean value of the relative heights of all measured values within a sample plot.
Relative median ( h med% ). The median of the heights, expressed in per cent, is calculated from the median of all measuring point heights of a sample plot, divided by the maximum laser point height (h max ), multiplied by 100.
Deviation from the mean ( h dvm ). The average deviation from the mean is a measure for the dispersion of measuring point heights within a sample plot. It is calculated from the sum of the differences between the measuring point heights ( h i ) and the mean value of all measuring point heights ( h -), divided by the total number of mea-
Coeffi cient of variation ( h cv ). Quotient derived from the standard deviation of the relative heights and the mean.
Density-related metrics
In order to determine the density of the forest stands, various penetration rates were calculated. The calculation of these parameters was also performed after separation according to fi rst and last pulse datasets.
Total penetration rate (PR tot )
. This is calculated from the quotient of all fi rst and last pulse measuring values that lie below a height of 1 m (ground points), to the total number of all fi rst and last pulse measuring values that were taken.
Penetration rate through the upper layer (PR ul ) . This is calculated from the quotient of all registered fi rst and last pulse points located below the relative height of 0.8 × total height, to the total number of all fi rst and last pulse measuring values that were taken.
PR ul 0.8
Penetration rate through the intermediate layer (PR il ) . This is calculated from the quotient of all registered fi rst and last pulse points located below the relative height of 0.5 × total height, to the total number of all fi rst and last pulse measuring values located below the relative height of 0.8 × total height. ) n N h h 0 5 0 8 100 100
(6)
Penetration rate through the lower layer (PR ll ).
This is calculated from the quotient of all registered fi rst and last pulse points located below the absolute height of 1 m, to the total number of all fi rst and last pulse measuring values located below the relative height of 0.5 × total height.
Density of the vertical layers
. For the calculation of these metrics, the stand was divided into 10 equal height layers. Then the quotient was calculated between the number of measuring values for the respective height level and the total number of measuring values. 
where sf is summer fi rst pulse and sl summer last pulse. The linear form used to produce the estimation was as follows: 
In this case, Y corresponds to the dependent variable (target variable) and represents the values for the forestry stand parameters that were determined in the respective reference plots:
In all, a total of 86 independent variables (laser metrics) are available that can be used in the evaluation. The metrics calculated from the fi rst pulse data are presented below. Since the metrics from the last pulse data are derived analogously, it is not necessary to list them here as well. 
Further explanations. The selection of the independent variables was achieved with the statistics program SPSS and using the setting ' stepwise selection ' . No independent variables with a partial F -statistic and with a signifi cance greater than 0.5 were included in the regression model. To fi t the regression, the principle of ordinary least squares was used. For the regression analysis, we only used characteristics that do not correlate strongly with one another. For this purpose, correlation studies were carried out. If two characteristics were found to possess a correlation effi cient above 0.85, only one of them (that which had the least correlation with other parameters) was entered into the regression analysis.
Cross-validation. The linear regression models for the forestry stand parameters (dependent variables) were determined based on all of the areas of the respective stratum (total, coniferous forest, deciduous forest and mixed forest). No independent data were available to test the accuracy of the linear regression equations used to estimate the forestry stand parameters of the individual sample plots. In order to be able to determine the accuracy of the estimations in spite of this, a socalled cross-validation was performed.
For this purpose, one sample plot was removed from the dataset of each stratum in sequence. Afterwards, a linear regression model was composed for the remaining number of sample plots ( n − 1), with which the dependent variables, volume ( V ), basal area ( G ), number of stems ( N ), maximum height ( h dom ), quadratic mean diameter (d.b.h. g ), SDI, CCF, RD and RDI, were estimated. This procedure was repeated for each of the sample plots.
Assessment of the quality of the model was based on the following criteria. 
where O : observed value, P : estimated value and N : number of observations.
Results
Regression models and model quality
Regarding the results for the individual stand parameters ( Tables 3 and 4 ) , it is immediately apparent that the results for the estimation of the various height-related parameters were relatively accurate. The coeffi cients of determination ranged between 0.67 and almost 1.0. The least accurate results were obtained for the mean height; the most accurate results were for the basal area weighted height. The results for dominant height were also very accurate but were not quite as good as for the basal area weighted height. The coeffi cient of variation of the RMS error was greatest (11 to 24 per cent) for the mean height.
For dominant height and basal area weighted height, the coeffi cient of variation was below 6 per cent for all variants. The best model fi t and the smallest errors were found for all variants of the high-altitude spruce forests. These were followed by the spruce forests of the valley bottoms. The results for the strata deciduous and mixed forest were less satisfactory. The different diameter parameters also yielded acceptable results, but were not as accurate as the height-related parameters. The coeffi cients of determination ranged between 0.57 and 1. The best values were for the basal area weighted d.b.h.. Its coeffi cient of determination was greater than 0.70 for all classes; the respective coeffi cient of variation of the RMS error was always below 10 per cent. The values for the dominant diameter and the mean diameter were less satisfactory. Their respective coeffi cients of determination indicated a lower degree of accuracy and the coeffi cients of variation were between 10 and 18 per cent. As before, the best results were produced for the high-altitude spruce forests and the worst for the mixed forests. The coeffi cients of variation for deciduous forests, coniferous forests and all of the sample plots (referred to below as the stratum ' all plots ' ) lay between 10 and 13 per cent and differed only insignifi cantly.
The results for the SDIs were also relatively accurate, but less so than the height and d.b.h. parameters. The differences between the four SDIs were marginal. The CCF yielded the highest coeffi cient of determination and the lowest coeffi cient of variation. The RDI produced the worst results. Its coeffi cient of determination varied between 0.35 and 0.74. A comparison between the strata also shows that the best results were obtained for the high-altitude spruce forests followed by the spruce forests in the valley bottoms, the deciduous forests and the mixed forests. In these four strata, the coeffi cient of variation was between 11 and 20 per cent. Both coeffi cient of determination and coeffi cient of variation were much lower for the stratum of all plots.
The equations for basal area produced coeffi cients of determination between 0.5 and 0.96. The most accurate results were obtained for the high-altitude coniferous forests. Also the coeffi cients of variation for coniferous forests in the slopes and valley bottoms, deciduous and mixed forest were less than 18 per cent. In contrast, the coeffi cient of variation for all plots was almost 30 per cent. The accuracy of the results for the estimation of timber volume was generally the same as for basal area. Less satisfactory were the results for the number of trees per hectare. The coeffi cient of variation for the high-altitude coniferous forests was ~ 6 per cent; for all strata, it was greater than 24 per cent, and for the coniferous forests in the slopes and valley bottoms, it even reached a value of 50 per cent.
In conclusion, the most accurate estimation results by far were obtained for the high-altitude spruce forests ( Figure 1 ). Since only 13 sample plots in four reference areas were available for these evaluations, the results only indicate certain tendencies. With the exception of the regression analysis for the dominant height, all equations contain fi ve or fewer independent variables. The results for mixed forests were less accurate than those for coniferous and deciduous forests, but more accurate than the analysis for all plots together. This holds true for height estimates as well as for estimates of d.b.h.. For deciduous, coniferous and mixed forests, fi ve or less independent variables were selected for each of the regression models.
For the stratum of all plots, not only did coefficient of determination and coeffi cient of variation show unsatisfactory results but also a relatively high number of regression coeffi cients were selected. This may result in an overfi t of these models. Also, the quality criterion of homoscedasity could not be satisfi ed for all stand parameters in this stratum.
The infl uence of the occurrence of deadwood on the results
The results indicate that the occurrence of deadwood is capable of infl uencing the quality of the estimations ( Table 5 ) . When deadwood was excluded, the accuracy of the estimation increased by more than 0.20 for the basal area of coniferous and deciduous forests stands, while the accuracy of the estimation of height measurements decreased if deadwood was excluded from the mixed forest stratum. An exception was the estimation of the dominant height, where the fi t of the model for mixed forest was improved by 0.22.
Cross-validation
The results of the cross-validation are presented in Table 6 . In general, the mean values were relatively accurate; that is, the estimations indicated no biased error. However, there was a more or less intensive degree of dispersion among the individual parameters. Considering all the sample plots, the coeffi cients of variation were relatively high. Only the dominant height and the parameters for d.b.h. were in a range below 20 per cent. The coeffi cients of variation for the SDIs lay between 30 and 40 per cent; those for timber volume and number of stems were even higher.
The results for the coniferous forest strata were more accurate. While coeffi cient of variation for the estimation of the dominant height was only 10.6 per cent, it is 11.9 per cent for the basal area weighted d.b.h. (d.b.h. g ) and 17.2 per cent for the quadratic mean diameter. The coeffi cients of variation for all other parameters were between 21 and 27 per cent. The only exception was with the number of trees per hectare, for which the coeffi cient of variation produced a relatively poor value of 83 per cent.
For deciduous forests, the calculated deviations from the observed mean values were also relatively small. Some of the coeffi cients of variation in this stratum were even lower than in coniferous forests. Here also, it was the dominant height, with a value of 8.2 per cent, that showed the least deviation. The basal area weighted d.b.h. and the quadratic mean diameter also had relatively low values of 13.2 and 14.3 per cent, respectively. The errors for all of the remaining parameters lay between 20 and 30 per cent.
For mixed forests, on the average, there were only insignifi cant deviations from the observed mean values. However, the deviation of many 
Discussion
Comparison with the results of other studies
Using the method presented here, it is possible to obtain accurate results for the estimation of forestry stand parameters, even in the structurally rich, montane mixed forests of the test areas. Basal area weighted height, dominant height and basal area weighted d.b.h. could be determined with a coeffi cient of variation of less than 10 per cent for the RMS error (VK RMS ). The errors for timber volume, basal area and the various SDIs were also quite low (below 20 per cent). The least satisfying results were for the number of trees per hectare. In this respect, the error for the coniferous forest stratum was greater than 60 per cent. Especially good results were obtained for the high-altitude coniferous forest stratum. Here, all of the forestry stand parameters could be determined with an error of less than 10 per cent. It must be taken into consideration, however, that only a small number of sample plots were located in this stratum. This means that the results can only be seen as preliminary. On the whole, Positive values show an improvement and negative a decrease of the coeffi cient of determination as a consequence of excluding deadwood. The differences between the fi eld measurements and the estimations from the lidar data are shown. Mean diff.: mean difference from the fi eld-measured mean value and CV%: coeffi cient of variation.
the results are very similar to those of the Scandinavian studies. They can be compared using the errors determined by Naesset (2004) for old stands in good site conditions. There, the best results were also obtained for height parameters. The error for determination of the quadratic mean diameter was identical (12 per cent). The difference between the values for the basal areas in Norway (17 per cent) and the Bavarian Forest (15 per cent) is also quite small. The same holds true for timber volume, for which the error in this study is only 11 per cent and, therefore, even lower than in the Norwegian studies (18 per cent). In Norway, the poorest results were also obtained for the number of stems. Other Scandinavian studies produce similar results. While the mean heights can be determined with an error of 5 -10 per cent, the error for timber volume was between 15 and 20 per cent, and for the number of trees, it increased to 50 per cent ( Holmgren et al. , 2003 ; Maltamo et al. , 2004 ; Holmgren and Jonsson, 2004 ) . The results from locations with poor site conditions were more accurate than those with good site conditions ( Naesset, 2004 ) . By comparison with conventional methods, it could be proven, that the raster cell method can be used to determine the forestry stand parameters of boreal forests to a greater degree of accuracy than has been considered possible before ( Naesset, 1995 ( Naesset, , 1996 ( Naesset, , 2004 Eid and Naesset, 1998 ) . This may hold true for the forests in the study area as well, but before such a conclusion can be reached, further investigations are required.
Selection and structure of the sample plots
A total of 108 sample plots were included in the analyses; 37 of these were situated in coniferous forest, 34 in deciduous forest and 37 in mixed forest. The number of sample plots, therefore, corresponded to those in comparable projects in Norway. To establish the relationships between laser scanning and ground data, for example, Naesset (2004) required 30 -40 sample plots per stratum. One exception in our study is the highaltitude forest, for which only 15 sample plots with terrestrial data were available. Furthermore, the 108 sample plots originate from only 33 independent reference areas. Thus, statistical tests regarding signifi cance of regression coeffi cients, error calculations, etc., must be interpreted with considerable caution. Another problem is that the reference areas are distributed among all three altitude levels of the National Park, resulting in greater variation of the data. This especially holds true for the coniferous forest stratum, which includes reference areas from high-altitude as well as mixed montane forest locations. The growth forms of the trees in these two forest types differ substantially.
Stratifi cation according to tree species groups
The results presented in this study clearly illustrate that stratifi cation of the sample plots can help to improve the accuracy of the estimation of forestry stand parameters. However, this holds true to a different degree for each of the individual stand parameters. The coeffi cients of determination for volume ( V ), basal area ( G ), SDI, RD and RDI improved signifi cantly. The effects of classifi cation were less obvious for number of
b.h. dom ) and CCF. Even without classifi cation, it was possible to predict these stand parameters with a relatively high degree of accuracy (with the exception of the number of stems). For these parameters, classifi cation usually only had a small infl uence on the results.
The positive effect of stratifi cation is based on the substantial differences between the refl ection behaviour of deciduous and coniferous trees. One explanation for this is to be found in the different shapes of the tree crowns; another is due to the different properties of needles and leaves, which heavily infl uence the penetration of laser impulses. Stands of beech, for example, are known to form a closed canopy, even with low tree densities. For this tree species, this is referred to as a sculpted crown. Together with the positioning of the leaves, this results in a significantly decreased rate of penetration (proportion of laser pulses that reach the ground) compared with that in stands of conifers. Without classification according to tree species, therefore, stand densities would be overestimated in stands rich in beech trees and underestimated in stands rich in conifers. For this reason, it is necessary to separate these tree species for analysis. Furthermore, stratifi cation is also expedient for differentiating forestry stand parameters between stands of deciduous and coniferous trees. Other studies also indicate that different tree species cause differences in the distribution of laser readings and that they should, therefore, be considered separately ( Naesset, 1997a ; Nelson, 1997 ; Nelson et al. , 1997 ) .
A problem that was not solved in this work is the allocation of the rasters to deciduous, coniferous and mixed forest areas. Deciduous and coniferous forests can be effectively separated by means of discriminant analysis. Mixed forests, in contrast, cannot be eliminated as a distinct stratum because, due to their characteristics, they are assigned to either deciduous or coniferous forest stands. This pre-classifi cation is a prerequisite for application of the regression models to the areas: it must be known in advance whether the respective pixel is a deciduous, coniferous or mixed forest. A pre-classifi cation of the raster cells with the aid of colour infrared aerial photographs may be able to help in this respect. Another alternative would be to differentiate between only two strata: deciduous and coniferous forest. These strata can be relatively effectively separated through discriminant analysis. However, relinquishment of the mixed forest stratum would result in an increase in the variation of the laser metrics in the strata and, therefore, in a greater error.
Comparison between deciduous and coniferous forest areas
In general, the differences between the results for areas of coniferous and deciduous forests do not differ signifi cantly. Only timber volume and mean height could be determined more accurately in coniferous forests than in deciduous forests. In contrast, the accuracy for the estimation of the number of stems was much greater in deciduous forests. Due to the varying growth properties of spruce and beech, one may have expected to fi nd much greater differences. The crown diameter of spruce increases continually with age (assuming self-thinning or thinning operations). The species can only react slowly and to a limited degree to exposure through the removal of surrounding trees. Therefore, the relationship between crown size, needle biomass and timber volume is relatively infl exible throughout the lifespan of the tree. Compared with spruce, however, and depending on the availability of light, beech are able to react with a pronounced increase in crown size. Free from surrounding growth, and through the resulting increase in light, beech trees will grow a larger crown. The tree will react with a significant increase in diameter, but it may take a longer span of time for the relationship between the timber volume and the crown volume to adjust to what it was before the tree was exposed. As a result, the relationship between parameters, such as timber volume and d.b.h., is not so strongly tied to other parameters, such as crown volume and leaf biomass, and can vary much more widely. In principle, therefore, it should be much more diffi cult to use laser data to estimate the forestry parameters of deciduous forests than for coniferous forests. This means that coniferous forest should yield the more accurate results. In reality, however, many stand parameters can be relatively accurately determined for deciduous forests as well. This is probably due to the fact that the coniferous stands were also very richly structured (four of the reference areas were in a selective harvest stage). This had a negative infl uence on the accuracy of the estimations. As is illustrated by these considerations, not only the tree species but also the management of the stands can infl uence the relationships between the stand parameters and the distribution of laser impulses and must be taken into account as well.
Mixed pixel and structural diversity
A signifi cant factor, which may have had a negative effect on the results, is that the reference areas were usually not homogeneous, commercially productive forests. Instead, they were natural forests with pronounced structural diversity. In addition to the mixture of individual deciduous and coniferous trees, the diversity of vertical and horizontal structures within the investigated stands also had a great infl uence on the accuracy of the estimation of the parameters.
The results for the mixed forest strata tended to be the least accurate. The reason for this is not so much because of the mixture of deciduous and coniferous forests in itself, but because of the great degree of variation in the proportions of the tree species: the percentage of deciduous trees can vary between 10 and 90 per cent. Due to the varying shapes of the crowns and the specifi c refl ection behaviour of each group of tree species, typical laser readings will be different in each case. Depending on the relative proportions of deciduous and coniferous trees in the mixed forest areas, the distribution of the laser impulses more closely resemble those of either a deciduous or coniferous forest. The results can be improved by reducing the proportion of deciduous trees within the mixed forest stratum. A mixed forest stratum percentage of 30 -70 per cent, for example, yields a much lower RMS error than when the mixed forest stratum percentage is between 10 and 90 per cent (M. Heurich and F. Thoma, unpublished data) .
The presence of an understorey and an intermediate forest layer, which are partly composed of trees species other than those in the upper layer and which have heterogeneously distributed trees of varying dimensions, also affects the distribution of the laser readings and reduces the accuracy of the estimations. In this respect, the results from the studies in the Bavarian Forest National Park may be regarded as a ' worst case scenario'. The results from the homogeneous and more simply structured high-altitude forests serve to emphasize this observation. There, the strongest relationships between laser metrics and stand parameters were determined and the most accurate estimations were obtained. This leads to the conclusion that the method presented here would be capable of yielding more accurate results in homogeneous stands with little vertical and horizontal structural diversity.
Presence of deadwood
Due to the absence of needle, leaf and branch biomass in sample areas composed of deadwood, the distribution of laser measurements differ from those in sample areas with living trees. An additional problem results from the fact that it is not possible to clearly defi ne the presence of deadwood as a static situation. Conifers that have died only recently often still possess a distinctly defi nable crown structure. Trees in a more advanced stage of decay are composed only of the trunk and the stubs of broken branches. Therefore, it may be assumed that the respective state of decomposition or decay will also have an effect on the behaviour of the refl ection of the laser pulses.
The greater accuracy of the estimation for the basal area in plots without deadwood may result from the fact that the basal area of dead trees, which are already broken off at a low height (6 -15 m), is also measured. Of course, the distribution of the laser measurements for these trees without crowns is quite different from those of live trees with identical basal areas. The worsening of these relationships occurs because, in test areas without a signifi cant percentage of deadwood, a similar distribution of the laser measurements would be allocated to a smaller basal area. This situation was observed especially in test areas with relatively old and voluminous trees, in which individual trees had died. Because of their relatively small mass, however, dead trees in younger stands do not have much of an effect.
The lower accuracy of the estimations of the height parameters is caused mainly by large, dead spruce trees in the mixed stands. Since these trees are not included in the calculation of the terrestrial height parameters, the dominant height and the basal area weighted height decrease significantly. Because of the fact that the crown structures of these dead trees refl ect laser pulses while they continue to project high above the surface of the live stand, their infl uence on the distribution of the laser measurements is signifi cant. This means that large, dead trees can lead to a decrease in the accuracy of the estimated values for live stands.
Deadwood alters the distribution of the laser readings in such a way that the estimates of the parameters for live trees are subject to greater variation. Including deadwood in the calculations of the ground data results in errors in one direction; not including deadwood results in errors in the other direction. The distribution of dead trees over the area of our sample plots was extremely variable. This leads to incongruities that result in a less satisfactory fi t of the models. In conclusion, a high proportion of deadwood decreases the accuracy of estimates to an unpredictable degree.
Conclusions
The results of this study demonstrate that important forestry parameters in the test areas of the Bavarian Forest National Park can be estimated with a relatively high level of accuracy. Even the richly structured forests of the mixed montane forest zone can yield satisfactory results. Until now, this method had only been investigated in the boreal coniferous forest zone. Compared with the results from the Bavarian Forest, those from the Nordic studies demonstrate a similar level of accuracy when considering coniferous forests. Areas in the montane mixed forests, which are characterized by heterogeneous mixtures of deciduous and coniferous trees and complex, multi-layered structural compositions, are more diffi cult. Nevertheless, it is notable that, in spite of the structurally rich composition of the forests in the test areas, it was possible to obtain estimations with a satisfactory degree of accuracy.
In the next steps, it is necessary to look in more detail at the effects of structural differences in connection with species discrimination for the stratifi cation process. Also it will be interesting to use full-waveform laser scanners for the analysis, because these sensors also make it possible to acquire more information on forest structure than can be obtained from conventional scanners. This additional information could also contribute to an improvement of the estimations.
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